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Fig. 1.| The rms detector output in antenna temperature of the K
a
2 and D1 channels averaged over 0.68 ms (with the chopper running
at the nominal amplitude) vs. day of year in 1997. The sky is most stable between 10 PM and 10 AM local time. Similar results from 1998
are consistent with the NRAO opacity measurements (http://www.tuc.nrao.edu/mma/sites/sites.html).
Jupiter is used to calibrate all channels and map the
beams. Its brightness temperature is 152, 160, 170 K for
K
a
through D bands respectively (GriÆn et al. 1986,
Ulich et al. 1981), with an intrinsic calibration error of
 5%. We account for the variation in angular diameter.
We also observe Jupiter with multiple relative azimuthal
osets to verify the chopper calibration.
The uncertainty in the beam solid angle for the K
a
and
Q bands is  5% as determined from the standard devia-
tion of beam measurements for the MAT and QMAP ex-
periments. From a global t of the clear-weather Jupiter
calibrations, the standard deviation in the tted ampli-
tudes is 6%. These sources of calibration error dominate
the error from the uncertainty in the passband. The total
1 calibration error is obtained by combining the intrinsic,
beam, and measurement errors in quadrature resulting in
10%, 10%, and 11% in K
a
through D respectively.
A thermally-stabilized noise source at T
e
 1 K is
switched on twice for 40 msec every 100 seconds as a rel-
ative calibration. The pulse height is correlated to the
Jupiter calibrations in the K
a
and Q channels. The vari-
ation in detector gain corrected for with these calibration
pulses is roughly 5%. No such correction was made for
D band.
4. DATA REDUCTION
The reduction is similar to that of the SK experiment
(Nettereld et al. 1997). The raw data, d
i
, are multiplied
by \n-pt" synthesis vectors, SV
n;i
(where i ranges from
1 to N
c
) to yield the eective temperature correspond-
ing to a multilobed beam on the sky, H(
). For exam-
ple, we refer to the classic three-lobed beam produced by












. We also generate the quadrature sig-
nal q
n
(data with chopper sweeping in one direction minus




(one value of t
n
minus the subsequent
one). For both K
a
1/2 and Q3/4 we analyze the unpolar-
ized weighted mean of the combined detector outputs.
The phase of the data relative to the beam position is de-
termined with both Jupiter and observations of the galaxy.
We know we are properly phased when the quadrature sig-
nal from the galaxy is zero for all harmonics.
The harmonics are binned according to the right ascen-
sion at the center of the chopper sweep. The number of
bins depends on the band and harmonic (Table 2). For








corresponding to a bin. These numbers are
appropriately averaged over the campaign and used in the
likelihood analysis.
From the raw dataset of 814250 5s averages, we lter
out time spent on instrument calibration (6%), celestial
calibrations (11%), observations of the galaxy & daytime
(53%), and bad pointing (4%). Accounting for overlap,









The data are selected according to the weather by
examining each harmonic independently. We rst ag
5s averages with a large rms. The unagged data are di-
vided up into 15 minute sections and the rms of the t
n
found. For 15 m sections with rms > 2, the constituent
5s averages are not used, as well as those of the preceding
and succeeding 15 m sections. We ensure that the cut does
not bias the statistical weight. As a nal cut, nights with
less than 4.7 hours of data are excluded. Repeating the
analysis with increased cut values produces statistically
similar (within 1) results. The atmosphere cut selects
roughly the same sections for K
a
and Q. In the analyses,
we discard the 2 and 3-pt data as it is corrupted by atmo-
spheric uctuations and variable instrumental osets. If
the 4-pt is corrupted, it is at the 1 level and not readily
detectable.
The stability of the instrument is assessed through in-
ternal consistency checks and with the distribution of the
oset of each harmonic. The oset is the average of a night
of data after the cuts have been applied (ranges from 5-
10 hours) and is of magnitude  200 K with error 20 K.
In general, the oset remains constant for a few nights and
then jumps 3-5 sigma. The resulting 
2
= is typically be-
tween 4 and 20 for the data over the full campaign and
is  1 for the quadrature signal. In general, a change in






to  = 0:25 s. We also monitor a slow dither (dierence of
the subsequent 5 sec averages) with  = 5 s and a night-
to-night dither with  = 24 h. For the nal analysis, we
delete one seven day section that has a large jump in o-
set. To eliminate the potential eect of slow variations in
oset, we remove the slope and mean for each night. This
is accounted for in the quoted result (both the constraint
matrix method, Bond et al. 1998b, and marginalization,
Bond et al. 1991 give similar corrections) and does not sig-
nicantly alter the results over the subtraction of a simple
mean. As a test, we have also tried removing quadratic
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and cubic terms from the oset, with no signicant changes
in the answer. In summary, there is no evidence that the
small instability in the oset aects our results.
We examined the variations in the power spectrum of
the synchronously co-added raw HEMT data, and found
no evidence for microphonics. However, a microphonic
coupling to the SIS detector was exacerbated after situ-
ating the telescope at the site. After ltering, residual
signals persisted in the quadrature channels (though not
in the fast and slow dithers) and so we report only 95%
upper limits for the D channel, specically ÆT
l
< 180 K
at ` = 325 and ÆT
l
< 122 K at ` = 432.
The primary eect of data editing is to increase the er-
ror bar per point and decrease the upper limits of the null
tests. Of the 169 null tests (Table 2 plus fast, slow, and
night dithers), there are only three failures. The distribu-
tion of the reduced 
2
of the null tests is consistent with
noise and inconsistent with any signal. When the data
are combined into groups of harmonics and bands, all null
tests are consistent with noise.
5. ANALYSIS AND DISCUSSION
The analysis of the individual harmonics, because the
















of the data for each harmonic, 
2
inst
is the variance due to







is the window function, as dened in Bond 1996. The
full likelihood analysis provides a formal way of determin-
ing ÆT
l
that includes correlations and gives the correct
error bar in the low signal-to-noise limit.
The error in I(W ) is determined from the scatter in the
beam values. We nd ÆI(W )=I(W )

< 0:01 for all bands




directly from the uncertainties in each bin. If these un-
certainties are somehow biased, the results of the simple
test and full likelihood will be biased. We examine the
distribution of all the data for each harmonic from all the
nights after removing the mean value of each sky bin. The
width of this distribution agrees with the mean error bar
indicating that the error per point is not biased. Also, the
ratio of the error bars between harmonics agrees with the
analytic calculation.
In the full analysis (Fig. 2), we include all known corre-
lations inherent in the observing strategy. From the data,
we determine the correlations between harmonics due to
the atmosphere, detector noise, and non-orthogonality of
the synthesis vectors. The correlation coeÆcients between
bands due to the atmosphere are of order 0:05. We also
examine the autocorrelation function of the data for a sin-
gle harmonic to ensure that atmospheric uctuations do
not correlate one bin to the next. The quoted results are
insensitive to the precise values of the o-diagonal terms
of the covariance matrix.




















FIG. 2.| Combined analysis of data in Table 2. The


































are \1 statistical"; calibration error is not included. The
COBE/DMR points are from Tegmark 1997. The solid curve
is standard CDM (

b
= 0:05, h = 0:5).
These results are similar to previous results obtained
with this technique (SK) though the experiment was done
with dierent optics, a dierent receiver, a dierent pri-
mary calibrator, largely dierent analysis code, and ob-
served a dierent part of the sky. Though we have not
correlated our data with templates of foreground emission,
the foreground contribution is known to be small at these
frequencies and galactic latitudes (Coble et al. 1999, de
Oliveira-Costa et al. 1997). In addition we have exam-
ined the frequency spectrum of the uctuations in K
a
and
Q bands, and nd it to be consistent with a thermal CMB
spectrum, and inconsistent with various foregrounds. Fi-
nally, the full analysis has been repeated after deleting
each 15
Æ
section of data in RA, indicating that the signal
does not arise from one region. (Our scan passes near, but
misses, the LMC.) Future work will address the precise
level of contamination.
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64(17) 43 39 24 0.73 31
+10
 8




























































256(103) 119 91 80 0.36 < 116(0:95) < 137(1:11) < 103(0:78)
Note.|A \<" indicates a 95% condence limit. Calibration errors are not included. (a) The range for `
e
denotes the range for
which the window function exceeds e
 1=2






is comprised of experimental
uncertainty and sample variance. These values are not statistically independent: harmonic numbers diering by 2 are correlated at the




) is  7 K. (c) The number of bins on the sky followed by, in parentheses,
the number used in the analysis due to the galactic/atmosphere cut. (d) The reduced 
2
are given in parentheses. (e) (A   B)=2 is the















; < 41), (195
+33
 23
; < 79). (f) (H1  H2)=2 is the rst half minus the
second half.
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Calibration errors not included
D-Band
Fig. 3.| Angular spectrum from the SK, QMAP, and TOCO97 experiments. The SK data from Nettereld et al. (1997, ApJ, 474:47) and
Wollack et al. (1997, ApJ 476:440) have been recalibrated according to the Mason et al. (1997, astro-ph/9903383), leading to an increase of
5%, and reduced according to the forground contribution in de Oliveira-Costa et al. (1997, ApJL, 482:L17), leading to a reduction of 2%. The
foreground reduction was applied uniformly. Because the SK data are primarily at 40 GHz, the Mason et al. results must be extrapolated. In
addition, uncertainty in the measured passband, measurement uncertainty, and beam uncertainty, must be taken into accounted. This leads
to a 1 calibration error of 11%. The QMAP data are the same as those reported in de Oliveira-Costa et al. (1998, ApJL, 509:L78) and have
an average calibration error of 12%, the correction for foreground emission is  2% (de Oliveira-Costa et al. 1999, in prep), though has not
yet been precisely determined and so is not included. Both SK and QMAP are calibrated with respect to Cas-A. The TOCO97 data, which
have a calibration error of 10%, are calibrated with respect to Jupiter. A foreground contribution, which is expected to be small, has not been
subtracted. When calibration errors are included, all three independent experiments agree. Two cosmological models are shown for reference.






= 0:05, h = 0:5); the higher one is the current \concordance model" (Bachall et al. 1999 in prep,









= 0:6, and h = 0:65. For COBE/DMR we use the results from Tegmark.
